Abstract. Terrestrial carbon and water cycles are interactively linked at various spatial and temporal scales. Evapotranspiration (ET) plays a key role in the terrestrial water cycle, altering carbon sequestration of terrestrial ecosystems. The study of ET and its response to climate and vegetation changes is critical in China because water availability is a limiting factor for the functioning of terrestrial ecosystems in vast arid and semiarid regions. To constrain uncertainties in ET estimation, the process-based Boreal Ecosystem Productivity Simulator (BEPS) model was employed in conjunction with a newly developed leaf area index (LAI) data set, MODIS land cover, meteorological, and soil data to simulate daily ET and water yield at a spatial resolution of 500 m over China for the period from 2000 to 2010. The spatial and temporal variations of ET and water yield were analyzed. The influences of climatic factors (temperature and precipitation) and vegetation (land cover types and LAI) on these variations were assessed.
Introduction
The terrestrial hydrological cycle is essential for the functioning and sustainability of earth systems (Hutjes et al., 1998) . Understanding its spatial and temporal variations and underlying driving factors are fundamental to predicting the response and feedback of terrestrial ecosystems to global changes. As one of the most important components within the terrestrial hydrological cycle, evapotranspiration (ET) links the hydrological, energy, and carbon cycles (Fisher et al., 2008; Jung et al., 2010) . Globally, terrestrial ET processes consume more than 50 % of the solar radiation absorbed by the land surface (Trenberth et al., 2009) , and affect precipitation by returning approximately 60% of the annual land precipitation back to the atmosphere (Koster et al., 2004; Oki and Kanae, 2006) .
Previous studies have indicated that global warming might intensify the terrestrial hydrological cycle and cause more frequent floods and droughts (Meehl and Tebaldi, 2004; Huntington, 2006) . Accurate estimation of the spatial and temporal variations in ET is critical for better understanding of the interactions between the atmosphere and land surface, and improving water resource management and drought assessment under climate change (Jung et al., 2010; Yuan et al., 2010; Fisher et al., 2011; Yan et al., 2012; Zeng et al., 2012) . However, ET is one of the most difficult components of the terrestrial water cycle to estimate accurately because of land surface heterogeneity and numerous controlling factors, including climate, plant biophysics, soil properties, topography, and others (Dirmeyer et al., 2006; Mu et al., 2007; Yuan et al., 2010) .
In situ measurements using weighing lysimeter, Bowen ratio, sap flow meters, eddy covariance and scintillometers are generally considered to be reliable for quantifying ET at site and landscape (over several kilometers) scales (Z. Wang and Dickinson, 2012) , but it is practically impossible to apply such methods at regional and global scales. Alternatively, remote sensing techniques are able to capture temporally continuous land surface information over large areas, thus providing an effective tool for retrieving the ground parameters that control ET Yang et al., 2012) . Remotely sensed surface parameters, such as leaf area index (LAI), land cover, clumping index, albedo, temperature and emissivity have been successfully used to estimate ET directly or to drive process based ET models (Yuan et al., 2010; Ryu et al., 2011) .
Various ET estimation models that use remotely sensed data have been developed in recent decades, including surface energy balance models (Jiang and Islam, 1999; Su, 2002; Miralles et al., 2011; Anderson et al., 2012) , empirical statistical models (Wang and Liang, 2008) , physical models (Mu et al., 2007 ; K. and water balance models (Cheng et al., 2011; Rodell et al., 2011; Sahoo et al., 2011; Zeng et al., 2012; . Recently, a large number of papers exist on the use of remotely sensed data to estimate ET, including several review papers (Courault et al., 2005; Verstraeten et al., 2008; Gowda et al., 2007 ; Z. Wang and Dickinson, 2012) .
Current ET estimates using remote sensing data are far from satisfactory due to uncertainties generated by model structure, inputs, parameterization schemes, and scaling issues (El Maayar and Chen, 2006; Yuan et al., 2010; Fernández-Prieto et al., 2012; Jia et al., 2012) . Therefore it is essential to look for effective ways to constrain uncertainties in estimating ET using remote sensing data. Given the rapid development of remote sensing techniques, improving capacity of computation and storage, and increasing availability of ET measurements in recent years (Mu et al., 2011; Ryu et al., 2011; Sasai et al., 2011) , it is now feasible to improve ET estimation by improving the spatial resolution of inputs and model structure (Ryu et al., 2011; , and by optimizing model parameters.
The climate of China is diverse and complex, ranging from tropical to cold-temperate, and from humid to extremely dry (Mu et al., 2008; Piao et al., 2010 Piao et al., , 2011 . Severe droughts and floods frequently impact ecosystems . In the past decade, the earth has experienced the most significant increase in temperature since instrumental measurements began (Trenberth et al., 2007; Zhao and Running, 2010) . In parallel to the global increases, China also experienced significant increases in mean annual temperature (MAT), changes in seasonal and interannual patterns of precipitation during the past two decades Piao et al., 2011) , and more frequently severe droughts (Gao and Yang, 2009; Piao et al., 2009; Qin et al., 2010; Lu et al., 2011; Wang et al., 2011) . Studies showed that drying and warming (Ma and Fu, 2006; Piao et al., 2010) intensified the hydrological cycle in western China, but weakened in north of the Yellow River basin (Gao et al., 2007) in the past half century. Several extensively unusual droughts have hit China since 2000, how the terrestrial water cycle respond to these climatic extremes has not been thoroughly investigated yet.
The terrestrial water cycle is also significantly affected by land cover change, which has been dramatic in China. Several large-scale forest plantations programs have been implemented by Chinese government since the late 1970s for environment protection and vegetation restoration Yu et al., 2011; Huang et al., 2012; Piao et al., 2012) , thus increasing forested area from 2000 to 2010 (FAO, 2010; Piao et al., 2012) . Meanwhile, urbanization has been intensive . Inevitably, human intervention and climate change must alter China's terrestrial water cycle (Piao et al., 2007) .
Recently, several studies have been conducted to quantify spatio-temporal variations of ET in China using various methods, such as pan evaporation observations and ecosystem models driven by remote sensing data Zhou et al., 2009; Zhu et al., 2010; Li et al., 2012) . However, most ET calculations were implemented at relatively coarse resolutions, such as 10 km, and did not fully make use of remote sensing data. In addition, there are very few studies on water yield changes in terrestrial ecosystems of the country. This suggests that a more thorough investigation of ET and water yield incorporating land surface information retrieved from remote sensing should be carried out to better understand the terrestrial water cycle response to recent changes in climate and vegetation.
In order to constrain the uncertainties, daily ET and water yield were simulated at a spatial resolution of 500 m using an improved LAI data set and the process-based BEPS (Boreal Ecosystem Productivity Simulator) model. Spatial and temporal variations of ET and water yield in different regions of China during the 2000-2010 period were then analyzed, resulting in identification of the major factors driving the variations. The main objectives are to (1) evaluate the ability of the BEPS model to simulate ET in different ecosystems of China; (2) analyze the spatial and temporal patterns of ET and water yield in its terrestrial ecosystems from 2000 to 2010; (3) assess the roles of temperature, precipitation and LAI in regulating ET over the country.
Methods and data

The BEPS model
The Boreal Ecosystem Productivity Simulator (BEPS) is a process-based terrestrial ecosystem model designed to simulate carbon, water, and energy budgets at continental or landscape scale (Liu et al., 1997 Chen et al., 1999) . One of the unique characteristics of this model is tight coupling between remote sensing information, and water and carbon cycle processes. The BEPS is driven by spatially explicit data sets from meteorology, remotely sensed land surface parameters such as LAI and land cover type, and soil texture . This model includes a sunlit and shaded leaf separation photosynthesis module for calculating carbon fixation, and an energy balance and hydrological module for simulating evapotranspiration (ET) and soil water content dynamics, as well as a soil biogeochemical module for simulating soil carbon and nitrogen dynamics. The photosynthesis module is developed on the basis of Farquhar's instantaneous leaf biochemical model (Farquhar et al., 1980) , with a new spatial and temporal scaling scheme , to calculate daily carbon fixation by the canopy. Water and carbon cycles are coupled through leaf stomatal conductance that is controlled by environmental factors, which include photosynthetic photon flux density, temperature, vapor pressure deficit, and soil water content (Jarvis, 1976) . Although initially developed to estimate gross and net primary productivity for boreal ecosystems in Canada, the BEPS model has been used elsewhere (Ju et al., 2006; Chen et al., 2007; Sonnentag et al., 2008; Govind et al., 2009a,b) , and successfully applied to estimate regional water and carbon fluxes in China (Sun et al., 2004; Wang et al., 2005; Feng et al., 2007; Zhou et al., 2009; Ju et al., 2010; Liu et al., 2013) , East Asia (Matsushita and Tamura, 2002; F. Zhang et al., 2010; Zhang et al., 2012b) , North America Ju et al., 2006; Sonnentag et al., 2008; Sprintsin et al., 2012; Zhang et al., 2012a) , Europe (Wang et al., 2004) and across the globe ).
The BEPS model has shown strong performances in several model intercomparison studies that evaluated ecosystem models against carbon and water flux measurements Grant et al., 2005 Grant et al., , 2006 Schwalm et al., 2010; Schaefer et al., 2012) . In an intercomparison among nine models, for example, the BEPS produced the second lowest RMSE (root mean square error) for ET simulation over a boreal forest . In a recent North American carbon program study, the BEPS RMSE was the eighth lowest among 24 models used in gross primary productivity simulation (Schaefer et al., 2012) .
ET calculation
In the BEPS model, ET from terrestrial ecosystems is calculated as
where T plant is transpiration from the canopy, E plant and E soil are the respective evaporation of intercepted precipitation and soil surface, S plant and S ground are respective snow sublimation from the canopy and ground surface. Canopy transpiration is further calculated as
where T plant,sun and T plant,shaded are the transpiration from per unit area of sunlit and shaded leaves, LAI sun and LAI shaded are respective the LAI of the sunlit and shaded leaves, partitioned according to total canopy LAI, daily mean solar zenith angle, θ, and clumping index, . Transpiration from sunlit and shaded leaves is calculated from the Penman-Monteith equation (Monteith, 1965) :
where the j subscript denotes sunlit or shaded leaves; is the slope of the saturated water vapor pressure curve (kPa • C −1 ); R n,j is the net radiation (W m −2 ); ρ is the air density (kg m −3 ); c p is the specific heat of air (J kg −1 • C −1 ); γ is the psychrometric constant (kPa • C −1 ); r a is the aerodynamic resistance (s m −1 ) assigned according to land cover types ; and r s,j is the sunlit or shaded leaf stomatal resistance (s m −1 ). E soil is also calculated from the Penman-Monteith equation; the resistance of the soil surface changing with the degree of saturation in the first soil layer . E plant , S plant , and S ground are computed following Liu et al. (2003) .
where θ i is the simulated volumetric soil water content in layer i, and θ w,i , θ f,i and θ s,i are, respectively, the wilting point, field capacity and porosity of soil layer i. They are determined according to the fractions of clay, silt and sand (Saxton et al., 1986) .
Soil water content simulation
Originally, the BEPS used a bucket model approach to simulate soil water content . In this study, the soil profile was stratified into three layers with thicknesses of 0.1, 0.25, and 0.85 m. Soil evaporation is limited to the first soil layer, while vegetation can take up water from all three layers through transpiration. Therefore, the changes of soil water content in three soil layers are simulated as
where θ i=1,3 is the water content of soil layer i for i = 1, 3; d i=1,3 is the soil layer thickness (m); P gs is precipitation throughfall at the ground surface (m d −1 ); T plant,i=1,3 is the transpiration uptake from a soil layer (m d −1 ); E s is the evaporation loss from the soil surface (m d −1 ); RF is the surface runoff estimated as a function of P gs and θ 1 ; Q i,i+1 is the vertical exchange of soil water between adjacent soil layers i = 1, 2 and i + 1 (m d −1 ); and Q 3 is the saturated subsurface flow from layer 3 out of the soil profile, calculated according to soil water content and saturated hydraulic conductivity. The flux of soil water between adjacent layers i and i +1 is simulated from (Sellers et al., 1996) :
where k i and k i+1 are the respective hydraulic conductivities (m d −1 ) in soil layers i and i + 1; w i and w i+1 are the corresponding water potential (m).
The hydraulic conductivity of a soil layer is calculated as
where K i is the saturated hydraulic conductivity of soil layer (m d −1 ); and b is a soil texture dependent parameter used to determine the rate of hydraulic conductivity changing with soil water content.
Model input data
The BEPS model uses both spatially distributed and static data sets as inputs. Atmospheric CO 2 concentration is assumed to be well mixed and spatially homogenous. The spatially distributed inputs listed in Table 1 include: (1) land cover maps, (2) LAI time series, (3) daily meteorological data, and (4) soil texture. Prior to simulation, all spatially explicit input data set inputs were projected onto an Albers conical equal area projection at a spatial resolution of 500 m × 500 m.
LAI data
A data set of 8-day LAI at 500 m resolution for the period from 2000 to 2010 was generated using an inversion algorithm based on the 4-scale geometrical optical model . This LAI inversion algorithm was driven by the MODIS MCD12Q1 V051 land cover (Friedl et al., 2010) and MOD09A1 V05 reflectance products. It is based on relationships between LAI and vegetation indices that were simulated by the 4-scale geometrical optical model with corrections for the effects of changes in sun and sensor angles on reflectance and vegetation indices (Chen and Leblanc, 1997) . Due to proven superiority over the MODIS LAI algorithm in applications to work in Canada, China, and other regions Pisek et al., 2007; ; Y. Liu et al., 2012), the LAI inversion algorithm has been adopted by the European Space Agency GLOBCARBON project to generate a global LAI product. The inverted LAI was further smoothed using a locally adjusted cubic-spline capping (LACC) method to remove unrealistic fluctuations caused by residual cloud contamination and atmospheric noises.
Land cover data
The annual MODIS land cover data set, MCD12Q1 V051, from 2001 to 2010 at a spatial resolution of 500 m (Friedl et al., 2010) , was used to assign plant physiological parameters required in the LAI inversion algorithm and BEPS model. Owing to the deficiency of MODIS land cover data in 2000, the MODIS land cover data set of 2001 was used as a surrogate for 2000 with an assumption that the change of land cover in two adjacent years was small. The Collection 5 land cover product has been substantially improved in spatial resolution and classification algorithm in comparison to that of Collection 4 (Friedl et al., 2010) . It was generated using a regression tree method in combination with MODIS reflectance in bands 1 to 7, albedo, land-surface temperature, texture, and other characteristics (Friedl et al., 2002 (Friedl et al., , 2010 . Errors in the land cover type data set will cause uncertainties in calculated ET and water yield because different land cover types have different transpiration capacity. In the MCD12Q1 V051 product, there are five different land cover data sets corresponding to different classification systems. In this study, the data set generated using the IGBP land cover classification system was used (Loveland and Belward, 1997) , and further aggregated into ten groups of vegetation cover type ( Fig. 1) , including evergreen needleleaf forest (ENF), evergreen broadleaf forest (EBF), deciduous needleleaf forest (DNF), deciduous broadleaf forest (DBF), mixed forest (MF), shrubland (SHR), grassland (GRA), cropland (CRO), cropland/natural vegetation mosaic (NAV), and non-vegetation (NOV).
Fig. 1.
Land cover map of China in 2010 derived from the MODIS land cover data set: ENF -evergreen needleleaf forest; EBF -evergreen broadleaf forest; DNF -deciduous needleleaf forest; DBFdeciduous broadleaf forest; MF -mixed forest; SHR -shrubland; GRA -grassland; CRO -cropland; NAV -cropland/natural vegetation mosaic; NOV -non-vegetation.
Meteorological data
Daily meteorological data, including maximum and minimum air temperatures, relative humidity, sunshine duration, and precipitation observed at 753 national basic meteorological stations in China were used to generate 500 m resolution meteorological fields for the 2000-2010 period using the inverse distance weighted interpolation method (Fig. 2) . Incoming solar radiation required by the BEPS model was observed at only 102 meteorological stations in China, so it was calculated from observed daily sunshine duration. A lapse rate of 6 • C per 1000 m was assumed for the interpolation of temperatures. There was no meteorological data available for Taiwan province, and meteorological stations were sparse in northwestern areas, such as Xinjiang, Qinghai-Tibetan Plateau ( 
these areas would inevitably induce uncertainties in interpolated meteorological data, and consequently in simulated ET and water yield.
Soil data
Soil texture maps generated from the 1 : 1 000 000 scale soil map of China and 8595 soil profiles recorded in the second national soil survey data set developed by Shangguan et al. (2012) , were also interpolated to a spatial resolution of 500 m to drive the BEPS model. The soil texture, represented by the volumetric percentages of clay, sand and silt components, was used to estimate hydrological parameters, such as water potential at the wilting point (1500 kPa) and at field capacity (33 kPa), porosity, saturated hydrological conductivity and air entry water potential.
Model validation
The performance of the BEPS model to simulate ET flux has previously been validated by using measurements in North America , East Asia (F. and China . Here, it was further evaluated using ET measured by eddy covariance (EC) at five ChinaFLUX sites : (1) the Changbaishan temperate broad-leaved Korean pine mixed forest (CBS), (2) Qianyanzhou subtropical coniferous plantation (QYZ), (3) Haibei alpine meadow (HB), (4) Xilinhot temperate steppe (XLHT), and (5) Yucheng warmer temperate cropland (YC) which are identified in Fig. 2 , with detailed information listed in CSAT3, Campbell Scientific Inc., Logan, Utah, USA). The instruments signals were recorded at 10 Hz on a datalogger (Model CR5000, Campbell Scientific Inc., Logan, Utah, USA) and block averaged over 30 min intervals for analyses and archiving. For better analysis of ET and water yield spatial variations, the mainland of China is divided into 10 major river basins according to basin depiction in the hydrological yearbook of China (Fig. 2) . They are the Songhua (SHRB), Liaohe (LRB), Haihe (HaiRB), Yellow (YeRB), Huaihe (HuaiRB), Yangtze (YzRB), Southeast (SERB), Pearl (PRB), Southwest (SWRB), and Northwest (NWRB). Annual water yield is calculated as the difference between annual precipitation input and ET output Liu et al., 2008; Vinukollu et al., 2011; .
Accuracy assessment and trend analysis
Three metrics: coefficient of determination (R 2 ) of daily simulated and observed ET values, and the absolute predictive error (APE) and relative predictive error (RPE) of annual values, derived as the sum of daily values for each year, were used to evaluate the performance of the BEPS model in simulating ET. APE and RPE are calculated as
where ET s and ET o are, respectively, the simulated and observed annual ET.
Linear regression was used to analyze the temporal trends of the hydrological variables, ET and water yield, mean annual temperature (MAT), annual precipitation, and annual mean LAI between 2000 and 2010 (Y. .
Three simulations were conducted here. In Simulation I, dynamic climate, LAI, and land cover during the 2000-2010 period were used to drive the BEPS. The spatial and temporal variations of ET and water yield and their linkages with climate and vegetation factors were analyzed on the basis of the outputs from this simulation scenario. In Simulation II, climate averaged over the 1980-2000 period, dynamic LAI and land cover over the 2000-2010 period were used to drive the BEPS model to investigate the effect of climatic variability on ET. In Simulation III, the BEPS model was driven by the land cover map in 2001 and dynamic climate and LAI over the [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] . The purpose of this study was to assess the role of land cover change in regulating ET.
Results and discussion
BEPS model evaluation
Seasonal variations of simulated and observed daily ET at five ChinaFLUX sites are plotted in Fig. 3 . Overall, the BEPS model was able to capture the seasonality of ET well. However, it tended to overestimate daily ET in autumn at the YC cropland site and underestimate the daily ET in spring at the HB grassland site. The regression line between simulated and observed daily ET was very close to 1 : 1 line at all sites, with slopes ranging from 0.84 to 1.05 and intercepts smaller than 0.10 (Table 3 ). The R 2 values of simulated daily ET against observations were mostly above 0.60 at these sites. However, the BEPS model performed relatively poorly in simulating ET at the YC site, with R 2 equal to 0.61 and 0.44 in 2003 and 2004, respectively. Two rotation crops, winter wheat and summer maize, were cultivated at this crop site. The overestimation of simulated ET mainly occurred in the growing seasons of summer maize. It was mainly caused by the simplified parameterization scheme for cropland in the BEPS model. The same parameter values were used for different crops due to the difficulty in obtaining reliable spatial distribution data of different crop types. This simplification might induce uncertainties in simulated ET for some crop species. Some studies have proved that the maximum stomatal conductance of summer maize is usually lower than that of winter wheat (Kelliher et al., 1995; Bunce, 2004) . In this study, one maximum stomatal conductance was used to calculate ET for summer maize and winter wheat, resulting in overestimation of ET in the growing seasons of summer maize. When data at all sites lumped together, the BEPS model explained a significant proportion of the variation (R 2 = 0.66, p < 0.0001) in the daily ET (Fig. 4) .
Annual simulated ET matched the observed ET well (Table 3). The RPE of simulated annual ET was in the range of ±10 % at the CBS, QYZ, XLHT, and YC sites. However, RPE was −27.73 % at the HB site in 2003, mainly due to the underestimation of ET in the spring. Figure 5a shows the spatial patterns of simulated ET in terrestrial ecosystems of China averaged over the period from 2000 to 2010. There were obviously identical spatial variations in mean annual ET relating to climate and vegetation types, with a decreasing trend from the southeast to the northwest. The spatial patterns of ET identified here are consistent with the findings from previous studies Zhou et al., 2009; Xiao et al., 2013) . Overall, ET was high in regions with widely distributed tropical evergreen forests, such as the PRB and SERB (Fig. 2) . It was low in the NWRB of northwestern China. Mean annual ET in the YzRB, HuaiRB, PRB and SERB was normally above 500 mm yr −1 . In the PRB and SERB, mean annul ET was even above 700 mm yr −1 . ET showed an increasing trend from the upstream to the downstream areas within the YzRB, where it ranged from 200 to 400 mm yr −1 in upstream areas such as southern Qinghai and eastern Sichuan provinces, from 500 to 700 mm yr −1 in the middle stream areas, and more than 700 mm yr −1 in the downstream regions. Mean annual ET exhibited significant heterogeneity in the SWRB, where it was lower than 150 mm yr −1 in western Tibet, ranged from 200 to 300 mm yr −1 in central Tibet, and varied from 600 to 800 mm yr −1 in southeastern Tibet and southern Yunnan Province.
Spatial patterns of simulated ET and water yield
Spatial patterns of simulated annual ET
In northern China, mean annual ET decreased from east to west. Mean annual ET in the SHRB and LRB was about 600 mm yr −1 in forest areas, and 300 mm yr −1 in cropland and grassland areas. Similar linkage of ET with land cover types also occurred in the YeRB. The HaiRB is dominantly covered by croplands, and here the mean annual ET was Note: R 2 = coefficient of determination; RMSE = root mean square error; APE = absolute predictive error; RPE = relative predictive error; * y = a x + b, y and x denote simulated and observed daily ET, respectively. close to 500 mm yr −1 , in contrast to the arid NWRB, where mean annual ET was normally less than 150 mm yr −1 due to limited water supply and sparse vegetation. Averaged over the basin scale, annual ET was highest in the PRB, at 729 mm, followed by those in the SERB (714 mm), HuaiRB (568 mm) and YzRB (552 mm). The average ET was lowest in the NWRB (144 mm yr −1 ), next lowest in the YeRB (349 mm yr −1 ). The totals of ET within individual basins ranged from 106.28 km 3 in the LRB to 986.79 km 3 in the YzRB (Fig. 6) .
The national mean of simulated annual ET in China's landmass was 369.8 mm yr −1 from 2000 to 2010, which compares with global values reported in some previous studies. Dirmeyer et al. (2006) indicated that the global means of annual ET ranged from 272 to 441 mm yr −1 based on the simulations of 15 models in the Global Soil Wetness Project-2. However, mean ET in this study was lower than some recently reported global values. Fisher et al. (2008) , using the Priestley-Taylor model and AVHRR remote sensing data, estimated that global mean ET equaled 444 mm yr −1 from 1986 to 1993, and Yuan et al. (2010) pointed out that global mean ET was 417 ± 38 mm yr −1 across the vegetated area during the 2000-2003 period. Much higher global means of ET were also reported: 500 ± 104 mm yr −1 (Ryu et al., 2011) , 539 ± 9 mm yr −1 (K. , 550 mm yr −1 (Jung et al., 2010) , and 604 mm yr −1 . In a synthesis study, Mueller et al. (2011) declared that the means of global ET ranged from 544 to 631 mm yr −1 , depending on which types of models were used. Therefore, it appears that the mean terrestrial ecosystems ET of China simulated here is somewhat lower than the global value (Fig. 5a) .
The volumetric total ET over all terrestrial ecosystem areas in China varied from 3.26 to 3.65 × 10 3 km 3 , the mean value being 3.49 × 10 3 km 3 from 2000 to 2010. This accounts to nearly 5% of various reported global totals: 58.4 × 10 3 km 3 yr −1 (Yan et al., 2012) , 63 × 10 3 km 3 yr −1 (Ryu et al., 2011) , 65 × 10 3 km 3 yr −1 (Jung et al., 2010) , 65.5 × 10 3 km 3 yr −1 (Oki and Kanae, 2006) . 
Spatial patterns of simulated annual water yield
Water yield showed a similar spatial pattern to ET, being above zero in most areas of China (Fig. 5b) . However, in the arid NWRB there as insufficient precipitation to supply ET demand, resulting in slightly negative yield. In southern basins, precipitation was higher than ET, resulting in significantly positive water yield. For example, the yield was well above 600 mm yr −1 in the PRB and SERB, even above 1000 mm yr −1 in southeastern coastal areas. Yields in the vast YzRB ranged from 100 mm yr −1 in the upper basin to 800 mm yr −1 in the lower basin. Water yield was usually about 100 mm yr −1 in most regions of the SHRB, eastern LRB, HaiRB, and the upper basin of the YeRB.
Dependence of simulated ET on land cover types
Simulated ET from 2000 to 2010 is closely associated with land cover type (Fig. 7) . The EBF biome has the largest average ET, 885.5 mm yr −1 , followed by 653.3 mm yr −1 for MF and 624.0 mm yr −1 for ENF, the three much lower values being 345.4, 280.7, and 200.1 mm yr −1 , respectively, for DNF, GRA, and SHR. The non-vegetation cover type, which is widely distributed in northwest China, has the lowest mean ET, amounting to 113.6 mm yr −1 .
In terms of volumetric totals, the highest total annual ET, 834.70 km 3 yr −1 , applies to MF, followed by the 808.60 km 3 yr −1 of GRA, and 796.27 km 3 yr −1 for CRO, the high totals being due to their large areas. Although the mean ET of EBF is the highest, the area total ET of this land cover type only ranked the seventh because of its relatively small area. Volumetric annual ET totals were less than 50 km 3 yr −1 for DNF, DBF, and SHR, owing to low mean ET per unit area or small land cover type areas of these. The change of simulated ET with land cover type identified here is generally consistent with previous studies, which show that the ET of forest is higher than that of cropland and grassland Zhou et al., 2009; Jin et al., 2011; Li et al., 2012) . However, the ET of ENF and MF simulated in this study is significantly higher 
Temporal trends in ET and water yield
Temporal trends in ET
ET increased in 62.2 % of China's landmass from 2000 to 2010 (Fig. 8) . The greatest increase occurred in the cropland areas of the southern HaiRB, most of the HuaiRB, and the southeastern YzRB, with increases of more than 10 mm yr −1 . Annual ET increased by 6 to 10 mm yr −1 in the northern HuaiRB and in forested areas of the western SHRB, YeRB and YzRB. The annual increases of ET were small in parts of the NWRB, only about 2 mm yr −1 in areas such as Inner Mongolia and Qinghai-Tibetan Plateau. On the other hand, annual ET decreased in the eastern SHRB, northwestern NWRB, southern SWRB and southern PRB. The ET decrease was most significant in the eastern Qinghai-Tibetan Plateau, the south part of Yunnan Province and in Hainan Province, the trend being −8 mm yr −1 .
Trends in the departures of simulated annual ET from 11 yr means in 10 basins show that annual ET increased in all basins but the NWRB (Fig. 9) . Increases of annual ET in the HuaiRB, YzRB and SWRB were above the 0.1 significance level. Annual ET in the YeRB, SHRB, SERB, HaiRB, PRB and LRB showed a relatively small increasing trend. 
Temporal trends in water yield
Temporal trends in water yield of terrestrial ecosystems from 2000 to 2010, exhibited substantial spatial heterogeneity (Fig. 11) . Water yield decreased in northern, southern, southwestern and central China, but increased in northwestern, northeastern and eastern China. The water yield changed slightly in the NWRB and HaiRB, to the extent of ±4 mm yr −1 . Significant increases in water yield mainly occurred in the southeastern SHRB, eastern LRB and downstream areas of YzRB, with trends of close to 20 mm yr −1 . The YeRB experienced a moderate decrease in water yield, about 8 mm yr −1 during the 11 yr study period. Marked water yield decreases were found in the HuaiRB, SWRB, southern YzRB and western PRB, with trends stronger than −20 mm yr −1 in some areas.
Temporal trends of ET and water yield identified in this study imply that the terrestrial hydrological cycle intensified in most regions of China over recent 11 yr period, as indicated by significant ET increase in most areas, with consequent effects on the availability of water resources. In most regions south of the Yangtze River and the HuaiRB, enhanced ET in conjunction with decreased precipitation has caused water yield to decrease significantly. The temporal trends of ET and water yield in China identified here are consistent with previously reported on-going intensification of the global hydrological cycle over the 20th Century (Huntington, 2006; Wang et al., 2010; Yao et al., 2013) .
Linkage of ET to climate factors
ET is affected by a variety of factors, including water availability, energy supply, wind speed, vapor pressure deficit (VPD) and vegetation activity (Zhang et al., 2001; Verstraeten et al., 2008; Wang and Dickinson, 2012) . It is still a challenge to identify drivers for regional ET. In analyzing the roles of climate factors in ET, temperature is often used as the surrogate for radiation and VPD due to their strong correlations with temperature (Jung et al., 2010; Seneviratne et al., 2010; Zeng et al., 2012) . Here annual precipitation was chosen as proxy for water availability, and mean annual temperature (MAT) as proxy for available energy, to explore the effects of climate variability on the spatial and temporal variations of ET over China's landmass from 2000 to 2010.
Over the study period, precipitation decreased significantly in southern China (Fig. 12a) , in the HuaiRB, south YzRB, SWRB and PRB. In some parts of these regions, decreasing trends of annual precipitation were stronger than −24 mm yr −1 . Meanwhile, temperature increased by more than 0.04 • C yr −1 (Fig. 12c) , even more than 0.1 • C yr −1 in the upper basin areas of the YzRB and SWRB. In northern China, MAT did not markedly increase while precipitation increased by 5-10 mm yr −1 . The decrease in precipitation and increase in temperature were induced by several severe drought events in southern China from 2000 to 2010 (Gao and Yang, 2009; Lu et al., 2011; Wang et al., 2011) . Figure 12b and d show the partial correlation coefficients of annual ET with annual total precipitation and MAT, respectively, during the period 2000-2010. Annual ET was positively correlated with annual precipitation in most regions of China (Fig. 12b) , especially in the arid and semiarid regions of northern China, such as the NWRB, western SHRB, western LRB and HaiRB, in which there were significant positive correlations between ET and precipitation (p < 0.01). The marked increase of more than 8 mm yr −1 in annual ET in the HaiRB, western SHRB and upper basin of the YeRB (Fig. 8) is partially explained by the more than 6 mm yr −1 increase in annual precipitation in these regions. In humid southeastern China and the frigid Tibetan plateau, annual ET and precipitation were negatively correlated. In these regions, water supply is relatively sufficient, but precipitation increase is normally accompanied by reductions in temperature and incoming solar radiation, with the consequent deceases of ET.
Annual ET increased with MAT increase in the QinghaiTibetan Plateau, the PRB, some areas of the NWRB, most of the YzRB and YeRB, and in the HuaiRB (Fig. 12d) . In the Qinghai-Tibetan Plateau, especially the southeastern part of the NWRB, most of the SWRB, and upper basin areas of the YeRB and YzRB, positive correlations of ET with MAT were above the 0.1 significant level. Temperature acts as the major limiting factor of ET in these regions. The increase of nearly 0.1 • C yr −1 here (Fig. 12c) was the main driver of a more than 4 mm yr −1 trend in annual ET (Fig. 8) . Alternatively, in the western NWRB, most of the SHRB, LRB, and the southern SERB, annual ET was negatively correlated with MAT.
Departures of annual ET from multi-year means were plotted with the departures of annual total precipitation and MAT from their multi-year means for individual basins to see if change in ET could be associated with changes in one or both of the other two (Fig. 13) . ET departures showed much stronger dependencies on precipitation departures in northern than in southern basins, notably the SHRB, LRB, HaiRB, YeRB and NWRB, where departures of annual ET were positively correlated with those of precipitation. The correlations were above the 0.05 significance level in the SHRB and LRB, and above the 0.01 significance level in the HaiRB and NWRB. Changes in precipitation did not have significant impact on ET in the humid southern regions of China; in fact, their respective departures were slightly negatively correlated in the SERB, PRB and SWRB. Basin-level ET change was not significantly correlated with MAT departures in any of the basins.
Several previous studies have investigated the controlling roles of different climate factors in ET from terrestrial ecosystems in China. Zhou et al. (2009) pointed out that precipitation plays a more important role in altering the interannual variations of annual ET over China than temperature does. Cong et al. (2010) concluded that precipitation had a greater impact on ET in the north than in the south. In a study on global ET linkages to MAT and precipitation during the 1982-2008 period, Jung et al. (2010) declared that precipitation dominated inter-annual ET behavior in northern China, but in southern China ET was mainly temperature limited. ET in the semi-arid and arid northern areas of China was limited by the supply of soil moisture, which is significantly affected by precipitation, the key constraining factor of ET here (Ryu et al., 2008; Wang and Dickinson, 2012) . Using daily meteorological data and gauging station data, Zhang et al. (2011b) indicated that precipitation was the major determinant of ET in the YeRB. Xiao et al. (2013) recently synthesized observations from 22 eddy-covariance flux sites across China and found that the northern ecosystems had high annual ET largely because of the high temperature and abundant water supply, while semiarid, subalpine and alpine ecosystems had relatively low ET mainly because of low precipitation and lower temperatures, respectively. The effects of temperature and precipitation on ET identified here are generally similar to previous findings, but with more detail due to the higher spatial resolution of simulation and application of remote sensing data.
Vegetation influences on ET
Changes of ET with LAI
LAI significantly affects ET due to its roles in transpiration and interception of precipitation. During the period 2000-2010, annual LAI increased in northeastern, northern and most south central China, while it decreased in southeastern and parts of southwestern China (Fig. 14a) due to climatic abnormality and land cover changes (Peng et al., 2011; . Similar conclusions on vegetation greenness in China during the same period were recently reported by Liu and Gong (2012) .
Simulated annual ET over the study period was found to be positively correlated with annual LAI in 74 % of China's landmass (Fig. 14b) . The correlation between LAI and ET was stronger in the north than in the south. In most of the SHRB, LRB, HaiRB, HuaiRB and YeRB, as well as part of the YzRB, annual ET increased significantly (p < 0.05) with LAI increase. Thus, the trend of more than 8 mm yr −1 annual ET increase in the HaiRB, HuaiRB, and central YzRB can be partially explained by the significant increase in annual LAI here (> 0.03 yr −1 ). Annual ET was slightly positively correlated with annual LAI in most regions south of the Yangtze River, such as the SERB, southern YzRB and PRB. The distinguishable annual ET decrease for southern China, in areas such as the southern Qinghai-Tibetan Plateau, the junction area of the YzRB, SWRB and PRB, and eastern PRB might be caused by the significant decrease in annual LAI found here. In most of the NWRB, vegetation cover is relatively low and thus evaporation from soil is the dominant ET component. An increase in LAI might cause transpiration to increase, thus decreasing in soil evaporation. As a consequence, the correlation of ET with LAI was slightly negative here.
Influences of land cover change on ET
ET is closely linked with land cover types. Model simulation and site observations showed that the ET of forests was generally higher than that of croplands and grasslands (Zhang et al., 2001; Liu et al., 2008; Mu et al., 2011) . Land cover changes have been dynamically occurring in China, driven by afforestation, reforestation and urbanization, inevitably leading to increases in plantations and urban areas, and decreases in croplands and grasslands areas . In order to assess the effects of land cover changes on regional ET, the mean of ET, and changing rates of mean ET, total ET, areas of the various forest cover types (including ENF, EBF, DNF, DBF, and MF), cropland, and grassland were calculated for 10 basins (Table 4) .
The national annual ET of forests, cropland, and grassland increased during the study period (Table 4) . The annual ET of cropland showed that the largest increase trend, 2.38 mm yr −1 , followed by those of forest and grassland. As for forest, the annual ET increased in most basins except the LRB, SWRB and NWRB. The annual ET of cropland and grassland increased in northern and decreased in southern basins. In the PRB, the annual ET values of cropland and grassland decreased at rates of 3.37 (p < 0.1) and 9.76 mm yr −1 (p < 0.01), respectively.
The national volumetric total ET values of forest, cropland and grassland all increased during the 2000-2010 period. The total ET of forests increased significantly in seven basins, causing the national total ET of forests to increase at a rate of 13.35 km 3 yr −1 (p < 0.01). The increase in national total ET of forests was driven by increases in both annual ET amounts and areas, but the expansion of forest area played a more dominant role. During the past 11 yr, the national total of forest area increased at a rate of 1.79 × 10 6 ha yr −1 (p < 0.01). The national total ET of cropland increased at a rate of 2.83 km 3 yr −1 , mainly driven by increases in annual ET, because total cropland area decreased at a rate of 0.99 × 10 6 ha yr −1 . The total ET of cropland increased in the HaiRB, YeRB, HuaiRB and SERB, but decreased in other six basins. The national total ET of grassland increased by 1.25 km 3 yr −1 , driven by increases in both annual ET and area. Total ET amounts for grassland increased in most northern and decreased in most southern basins except for the SWRB. The decrease in total ET from grassland in southern basins was caused by decreases in both annual ET and area. In the HuaiRB and PRB, total ET amounts from grassland significantly decreased, at rates of 0.43 and 0.80 km 3 yr −1 (p < 0.01) for each respective basin.
During the 2000-2010 period, total ET from China's terrestrial ecosystems increased at a rate of 14.29 km 3 yr −1 . This might mainly be attributed to the total ET increasing trend of 13.35 km 3 yr −1 for forests. The simulations showed that ET estimates from forests were higher than for other land cover types (Fig. 7) , similar to the findings of previous studies, which reported that conversion from crop and grass to forest can cause annual ET to increase and water yield to decrease (Twine et al., 2004; Sun et al., 2005 Sun et al., , 2006 Yu et al., 2009; Zhang et al., 2011b) . Sun et al. (2006) indicated that the average water yield reduction caused by land cover conversion varied from ∼ 50 mm yr −1 (50 % of initial) in the semiarid Loess Plateau region of northern China to ∼ 300 mm yr −1 (30 % of initial) in the tropical southern region. According to hydrological model simulations, Yu et al. (2009) declared that changing grassland into forest caused a significant reduction of water yield and an increase of ET in a watershed of the Liupan Mountains, northwest China. Based on daily meteorological and gauging stations data, Zhang et al. (2011b) found that intensifying urbanization acted towards decreasing ET in the PRB. Figure 15 shows changes of the national ET output from Simulations II and III in comparison with the value from Simulation I. The national annual ET in Simulation II (no climate variability) was obviously larger than the corresponding values of Simulation I, especially in the years of 2001, 2002 and 2009 , implying climate variability had a negative effect on ET. In contrast, the national total ET simulated in Simulation III was smaller than the corresponding values output from Simulation I, indicating that land cover change enhanced ET during the 2000-2010 period.
Simulated ET is sensitive to model inputs, which might have some uncertainties. Additional simulations were conducted to assess the impacts of uncertainties in temperature, precipitation, and LAI on simulated national total ET. In each simulation, one input was disturbed by a certain magnitude for all pixels while all other variables remained undisturbed. Figure 16 shows the relative changes of national total national ET during the 2000-2010 period. The national annual ET would increase or decrease by about 6 % while LAI increased or decreased by 25 %. Simulated ET was more sensitive to precipitation than to temperature. National mean annual ET would change about 2 % when the temperature changed by ±1 • C. If precipitation decreased or increased by 25 %, simulated national total ET would decrease by more than 8 % or increase by about 5-6 %. The effects of precipitation change on ET were particularly obvious in the drought years and water limited regions.
Conclusions
The BEPS model was employed in conjunction with the newly developed data set of LAI to simulate ET and water yield in China at a spatial resolution of 500 m, from 2000 to 2010. The ability of BEPS to simulate ET was first validated using tower-based ET at five ChinaFLUX sites. Then the spatial and temporal variations of ET, water yield, and the influences of climatic and vegetation factors were analyzed. The following conclusions are drawn:
1. The BEPS model is able to simulate ET in China's terrestrial ecosystems, explaining 66 % of the variations of observed daily ET at five ChinaFLUX sites. The RPE values of simulated annual ET are mostly within ±10 % of the observed values.
2. Simulated annual ET exhibited a distinguishable decreasing spatial pattern from southeast to northwest, in association with climate and vegetation types. Annual ET increased with increasing LAI in 74 % of China's landmass, especially in the SHRB, LRB, HaiRB, HuaiRB and YeRB. It was positively correlated with temperature in the southeastern part of the NWRB, most of the SWRB, and upper basin areas of the YeRB and YzRB. In the arid and semiarid areas of northwest and north China, annual ET was significantly positively correlated with annual precipitation, while the correlation between precipitation and ET was negative in the Tibetan Plateau and humid southeast China. 4. In 62.2 % of China's terrestrial ecosystems, ET showed increasing trends, especially in the cropland areas of the southern HaiRB, most of the HuaiRB and the southeastern YzRB. The decrease of annual ET mainly occurred in some areas of northeast, north, northwest, south China. In eastern Qinghai-Tibetan Plateau, the south of Yunnan Province and Hainan Province, the decrease in ET was most significant, stronger than −8 mm yr −1 .
5. Water yield was above zero in most China's terrestrial ecosystems, especially in southeast and south regions. However, it was negative in most areas of NWRB in northwest China. Water yield decreased in northern, southern, and southwestern China during the studied period. In some areas, water yield even decreased at rates more than 20 mm yr −1 because of enhanced ET and precipitation decrease. This implies that climatic variability and vegetation changes have significantly intensified terrestrial hydrological cycle and reduced water resource in these areas. Regions with water yield increase were sporadically distributed in northeast, east, south, northwest and central China, where increase may be due to precipitation increase, ET decreased, or both.
This study investigates the variations of ET and water yield over 11 recent years in China. It offers new insights for managing water resources efficiently and, because of the interactions of the water and carbon cycles and the strengths of the BEPS model in representing these, provides future opportunities for studying the carbon cycle in China. However, it should be kept in mind that there are still some uncertainties. In this study, we focused on national/regional and interannual variations of ET and water yield. The seasonal variation and more detailed spatial analysis (building from the 500 m grid) could be further explored in the future. Although most spatial data sets driving the model were taken from ground observations and remote sensing data, some uncertainties may exist in the data sets, such as limited meteorological observations and errors in remotely sensed vegetation parameters. Model validation was only done at a few sites. In addition, shortcomings in the structure of the BEPS model, such as the exclusion of irrigation and lateral movement from soil water content calculation, might cause some errors in estimated ET and water yield. All such deficiencies need to be addressed in future research.
